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SOLID-STATE, SELF-LUBRICATING
MATERIALS FOR POSSIBLE USE IN

PRECISION SLIP RINGS

by

K. F. Dufrane, R. L. Jentgen, and G. B. Gaines

INTRODUCTION

The development of miniature slip-ring assemblies for space applications has
identified a need for improved electrical contact materials and lubrication systems to
ensure the required reliability. To meet this need, a research program was undertaken
by Battelle's Columbus Laboratories in April, 1968, on behalf-of the NASA-George C.
Marshall Space Flight Center under Contract No. NAS 8-21323. This state-of-the-art
report on the applicability of solid-lubrication techniques to electrical contacts is one
contribution to this program. The objective of this effort was to attempt to identify any
solid-lubricant material systems that show sufficient promise for NASA's particular
need to justify subsequent experimental evaluation.

The electrical requirements imposed on miniature slip-ring assemblies for the
ST-124M guidance platform dictate the use of contact materials that are not susceptible
to formation of insulating surface films. Since gold most nearly fulfills the require-
ments for low-energy contacts, it has been used for the slip-ring surface and is the
major constituent in the brush rider. However, testing of the first generation of slip
rings showed that even gold is susceptible to troublesome "friction-polymer" formation
when operating for extended periods in the ST-124M Platform environment that contains
organic vapors. The organic materials in the assembly that gave off deleterious organic
vapors were identified under NASA Contract No. NAS 8-11403. Particular material
substitutions and changes in assembly processing can probably reduce the harmful effects
of the offending species to a tolerable level. Thus, the formation of insulating friction
polymer on the contact surfaces can be placed under reasonable control. However, under
"clean" experimental conditions, whereby friction-polymer formation is greatly reduced,
high electrical noise still remains as a result of seizure and the resulting severe gall-
ing of the contacts. Where friction polymer is continuously produced, lubrication is
sufficient to prevent galling. The need for reliable lubrication of the contacts which will
minimize both galling and friction-polymer formation is therefore clearly identified.

Although the chemical inertness of gold precludes the classical boundary lubrica-
tion mechanisms'that are effective with less-noble metals, numerous studies on fluid
lubrication of gold have revealed that liquid lubricants do exist that are capable of ade-
quately lubricating sliding gold contacts (at least over some range of sliding speed and
contact temperature), provided gross quantities of lubricant are present. If the quantity
of lubricant at the sliding interface is limited, adhesive wear and associated high elec-
trical noise occur. Effective lubrication by a liquid, therefore, requires the

e Of course, electrical noise can be high with a flooded contact if hydrodynamic effects occur. 'Such effects occur when the con-
tact sliding speed and lubricant viscosity are of such magnitude that the contact lift is near the value of the contact load.
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maintenance of gross quantities of lubricant at the contact interface, which suggests the
need for replenishment of lubricant depleted by surface creep. Unfortunately, miniature
slip rings for satellite applications inherently do not lend themselves to simple techniques
for replenishment of liquid lubricants. Requirements of long shelf life, extended ground
testing, and encapsulation make difficult standard techniques of lubricant replenish-
ment - e.g., wicks, reservoirs, supply systems, or reapplication by disassembly.
Therefore, a need exists for effective and reliable self-lubricating materials and lubri-
cation techniques to ensure trouble-free operation of miniature slip-ring assemblies.

When the total problems of friction polymer, galling, and maintenance of liquid-
lubricant films are considered, solid-film lubrication or solid-state self-lubricating
materials appear as the desirable substitutes. Long life, low electrical resistance, low
noise, and zero maintenance remain as requirements that must be met for acceptable
performance. Although materials are available that meet some of these requirements,
a completely satisfactory solution has yet to be found. The purpose of this investigation
is to determine that state of the art of solid lubrication and associated materials systems
that may be applicable to electrical contacts in miniature slip rings.

SUMMARY

A survey of the literature and of unpublished investigations of solid lubricants and
self-lubricating materials has identified several materials systems that hold promise
for development for low-energy, high-reliability contacts in guidance platforms such
as the ST-124M. The solid lubricants include both heavy-metal derivatives and solid
organic materials. Although only limited studies have been made of self-lubricating
materials for miniature slip rings, numerous materials have been developed for brush
and commutator service for medium-energy contacts. Appropriate modifications of
these materials and of some developed for space-environment bearing applications ap-
pear to offer the most hope.

LUBRICATION OF CONTACTS WITH SOLIDS

Solid lubricants for electrical contacts in slip rings can be applied either directly
as films on one or both of the rubbing surfaces, or can be incorporated into the contact
material itself in the form of a composite. The two approaches are considered sepa-
rately in a review of the current technologies applicable to electrical contacts.

Solid-Film Lubricants

For the most part, the development of solid lubricants to date have resulted from a
need for lubrication of sliding- and rolling-contact systems which are subject to some
unusual environments. High and low temperatures, nuclear-radiation environments, and
vacuum applications compromise the use of conventionalliquid lubricants. Solid lubri-
cants can be effective substitutes in some applications. Solid-film lubricants prevent
high friction and wear between mating surfaces by separating the surfaces with a film
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of low-shear-strength material. Shear occurs within the film, and the resulting friction
is largely determined by the shear strength of the lubricant. While thin films of some
solid lubricants applied to sliding surfaces by burnishing have the advantages of good
stability and reasonably high resistance to degrading environments and require no main-
tenance, they have the disadvantages of limited life (because of their lack of mobility
which leads to replenishment failures), higher friction (higher than that characteristic of
hydrodynamic lubrication), and some unavoidable wear of the mating metals (a result
of asperity contact through the film). The service life of solid-film lubricants has been
increased and the wear of the mating surfaces decreased by using the thicker films
which result when the lubricating solid is dispersed in and applied to the surfaces with
inert binders. While solid-film lubrication holds some promise as a technique for lu-
bricating - andis directly applicable to - electrical contacts, the requirements of
long-life operation with low electrical resistance and low noise make it important to
consider the effectiveness of this technique as a function of time.

Graphite was the first widely applied solid-film lubricant. While it is suitable
for many sliding systems, its use in extreme environments is limited by its requirement
to retain the adsorbed water vapor and gases that are the keys to its lubrication mecha-
nism. Graphite is, therefore, not applicable in vacuum or dry, inert-gas environments.

The failure of graphite to provide adequate lubrication in extreme environments
led to the development of solid lubricants from other lamellar structures such as certain
sulfides, selenides, and tellurides of metals from Groups IV, V, V-B, VI-B, and VII-B
of the Periodic Table. MoS2 , a naturally occurring substance, is an example which
finds widespread applicability as a solid lubricant. Several of the other heavy-metal
derivatives have been used for applications requiring either higher oxidation stability,
radiation resistance, or electrical conductivity. The properties of the heavy-metal-
derivative solid lubricants have-been tabulated by Magie(l) and are given in Appendix A
for reference. Table l'lists several solid lubricants that may be considered candidates
for electrical-contact applications because of their low resistivity and low coefficient
of friction. The properties of MoS 2 are included for comparison.

TABLE 1. SOLID LUBRICANTS WHICH EXHIBIT RELATIVELY
LOW RESISTIVITY AND FRICTION COEFFICIENT

Lubricant Resistivity, ohm-cm Coefficient of Friction

NbS2 3. 10 x 10-3 0. 08

NbSe2 5. 35 x 10 - 4 0. 12

TaS2 3.33 x 10 - 3 0. 05

TaSe2 2.23 x 10 - 3 0. 08

TiSe 2 2 x 10-3 0. 17

MoS2 8.51 x 102 0. 18
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The use of NbSeZ for electrical-contact applications has already been given some
study. However, it was chosen essentially on the basis of relatively high conductivity,
comparative availability, and low cost. The promise of the other compounds listed in
the table as electrical-contact lubricants has not been determined.

In practical studies of solid-film lubricants for electrical contacts, composite
films of Ni, Cr, and MoSZ (or PbS) have been deposited on slip-ring surfaces to thick-
nesses of about 0. 5 /- . (Z, 3) This multiple-layer concept reportedly promotes improved
bonding with the base metal. The results using V-grooved slip rings having brushes
loaded to 1.5 grams and peak current of 100 milliamperes showed contact resistances
of 0. Z2 to 0.4 ohms. (3) While this resistance is unacceptable for miniature slip rings,
improved resistance might be gained by doping the lubricant with structurally similar
high-conductivity materials. (2) Further studies have not been made with this lubricant
system, but bearings for rotating anode X-ray tubes and V-grooved slip rings for
medium-energy contact applications are currently being coated by the same technique. (4)

Promising results have been reported on the use of MoS2 burnished on the surface
of copper commutators against which precious-metal alloy brushes operate in vacuum
environments. (5) With a brush load of 14 grams, a commutator was run in an oscillatory
mode for 4 months. Although the circuits were reported to be electrically noisy, the
noise levels were low enough to be considered acceptable. Brush and commutator wear
was judged to be low. Similarly, coatings of 6-micron--particle-size polytetrafluroethyl-
ene (PTFE) on gold-plated crossed rods operating under 250-gram contact loads for
500, 000 cycles have effectively controlled wear, contact resistance, and electrical noise
to acceptable levels. (6)

In a study of the applicability of solid-film lubricants to potentiometer contacts for
satellite applications in vacuum, MoS2 and MoSe2 have shown consistently low friction
and wear for 100, 000 rubbing cycles. (7) The results with NbSe2 were inconsistent, but
both friction and wear were higher than that for either MoS2 or MoSe2. No contact re-
sistance or noise measurements were reported.

The results of one continuing study to develop improved high-temperature, solid-
film lubricants has some marginal applicability to low-energy electrical contacts in slip-
ring applications. (8, 9) Bonding techniques are being investigated and include (1) chemi-
cal bonding of solid lubricants with pyrophosphate binders, (2) plasma-torch flame
spraying of solid lubricants (such as CaFZ, BaF2 , and MoS2) with metallic binders such
as silver, and (3) binding solid lubricants with ceramics. The flame-spraying technique
holds the most promise for the application of conductive solid-film lubricants. However, -
problems in control of the lubricant-binder ratio and oxidation of the solid lubricant in
the application process are yet to be solved. Nevertheless, the advantages offered by
this technique include the use of gold or silver as the binder phase to form a tightly ad-
hering, conductive, lubricating film that might be used as the electrical-contact surface.
The applicability of the above process to electrical contacts has not been investigated.
For reference purposes,. selected data from this work(9 ) are presented as Appendix B.

Solid or semisolid organic films have also been investigated as lubricants for elec-
tric contacts. In an extensive study for improving the reliability of static connector de-
vices, the solid organic compound octadecylamin'e hydrochloride (ODA-HC1) has been
found to be effective in reducing wear and friction of gold and silver contact surfaces. (10)
The low static contact resistance of the substrate metals is not appreciably altered by
the presence of the lubricant. To remain effective, films of ODA-.HCI require a rather
rough surface so that reservoirs of the lubricants are maintained in the contact area.



The application of ODA-HC1 to slip rings has not been reported, but it appears to be
worthy of some consideration.

Mixtures of paraffin wax and polyphenyl ether liquids have also been reported to
be effective boundary lubricants for electrical-contact applications. (11) For a 1/8-inch-
hemispherical rider loaded with 100 grams and sliding on a flat at a speed of 1 cm/sec,
the contact resistance of gold on gold and silver on silver was less than 0. 001 ohms.
Measured coefficients of friction were 0. 09 and 0. 16, respectively. The polyphenyl
ether has been previously identified as an effective boundary lubricant for gold. (12)
Its combination with paraffin is a mechanical mixture, which results in a paste-like
material that is applied to the contact surface.

Certain organic polymers have also been found to be effective thin-film lubricants
for electrical contacts. (13) Deposited on the contact surfaces by evaporation from a
solvent, a silicone resin was found to be the most effective polymer of the nine types
evaluated. This polymer was recommended for use on contacts that could not withstand
the application procedures of ODA-HC1.

Self- Lubricating Composite Materials

The incorporation of a solid lubricant in an electrical-contact member to form a
composite has a distinct advantage over thin films: that of providing a large reservoir
of lubricant which is continuously uncovered as surface wear occurs. Composite mate-
rials, therefore, might be less susceptible to the deteriorating effects of lack of film
replenishment, which leads to severe wear and high electrical noise.

When graphite composite brushes were found to wear rapidly in high-altitude air-
craft motors because of the lack of water vapor, self-lubricating brush materials con-
taining MoS 2 and lithium carbonate were developed as improved brush materials. (14)
Other studies showed that composites of silver containing 12 to 15 percent MoS2, and
silver containing 2.5 percent copper and 15 percent MoS2 were suitable for brushes for
power transmission in vacuum. (15, 16, 17) The ring materials included silver, gold, and
rhodium. Gold was found to cause the greatest brush wear. Inall cases, the current
density was from 10 to 140 amps/in. 2, values much greater than those found in miniature
slip rings. The measured contact resistance was between 1 and 6 milliohms.

Silver brush composites containing 15 percent NbSe2 have also been developed and
tested. (18) When compared with identical brushes containing 15 percent MoSz, the con-
tact resistance of the silver-NbSe2 composite was approximately half that of the silver-
MoS2 composite. The lower contact resistance probably reflects the greater conduc-
tivity of NbSe Z compared with that of MoS 2 . No information is available concerning the
performance of self-lubricating silver composites in low-energy contact applications.
A review of some of the data found for rolling and sliding contacts in vacuum is given by
Przybyszewski. A portion of this review and the references he cites are reproduced in
Appendix C.

An unusual type of self-lubricating material that might have applicability to electric
contacts has been developed for high-temperature oxidizing environments. (19) Self-
lubricating solids have been prepared that contain 70 to 90 percent WSe 2 and 30 to 10
percent gallium or gallium-indium. The WSeZ powder is "amalgamated" with the gallium
and compacted at high pressures to form a solid. A high-temperature cure results in a
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hard compact material suitable for high-temperature bearing applications. Although
the compacts have not been considered as electrical-contact materials, their resistivity
is near that of pure NbSe 2 (5 x 10- 4 ohm-cm). Doping the compacts with-silver as a
filler compromises the high-temperature properties, but raises the conductivity. Among
existing materials, the silver-doped compacts may, therefore, hold greater promise as
self-lubricating contact materials. The compacts cannot be made with the higher con-
ductivity NbSe2 because it is not compatible with gallium. However, the feasibility of
using TaS2 or TaSe 2 to increase the conductivity(20) has not been determined, and at-
tempts to make composites containing these solid lubricants appear warranted.

Self-lubricating composite materials, which are produced by hot-press compaction,
for use at high temperatures also have potential application to electrical contacts. Com-
pacts containing a minirurmm of 80 percent solid lubricant, MoS 2 or NbSe2 , and varying
percentages of boron, tantalum, and molybdenum have been prepared and tested. (8, 9)
Some of the compositions containing MoS2 have already found application as materials
for d-c motor brushes for vacuum environments in satellites. (21) The brushes are run
against copper commutators at current densities of 40 to 50 amps/in. 2. Compared with
MoSz compacts, the compacts containing NbSe2 have shown very brittle mechanical
properties as well as inferior electrical properties. A limited investigation has also
been made on the applicability of the MoS2 compact to slip rings. The best performance
was obtained with a 1/8 x 1/4-inch flat brush of the MoS2 compact material running
against a coin-silver ring. Operating conditions of 1.5 volts and 350 milliamperes pro-
duced a contact resistance of less than 0. 1 ohm. The electrical noise was a function
of load and speed; at a sliding speed of 2 ft/min and a load of 11 oz, the electrical noise
was approximately 2 millivolts. Improved electrical properties might be expected for
the compact doped with silver or gold, but such a compact has not been evaluated. (21)
In another study on the use of MoS2 compacts for electric contacts in potentiometers
for satellite (vacuum) applications, the friction and wear characteristics were found to
be superior to silver-NbSe2 composites under similar conditions. (7) Friction coeffi-
cients of 0. 04 to 0. 07 were measured in vacuum with negligible wear for 100, 000 cycles.
Electrical performance was not reported.

Composites of 10 percent NbSe 2 and gold have been evaluated for electrical con-
tacts in miniature slip-ring assemblies. (22) The composites were prepared by powder-
metallurgy techniques and were sintered at either 500 or 900 C. Friction, wear, and
dynamic contact-resistance measurements were made between a Neyoro 28A gold alloy
wire rider loaded with 10 grams against the NbSe2 -Au composite flat. At sliding veloc-
ities of 0.35 mm/sec, the coefficient of friction varied erratically between 0. 4 and 2. 1
as the number of cycles of reciprocating sliding increased. Dynamic contact resistance
was generally about 2 milliohms, but dynamic-resistance spikes from 700 milliohms to
open-circuit were observed. Microscopic examination of the composite materials indi-
cated that large agglomerates of NbSe2 were probably responsible for the high-resistance
spikes. Wear measurements of the composites after 47, 000 cycles showed that the scar
depths were 0.001 to 0.002 inch deep. Previously, similar measurements on electro-
plated gold surfaces lubricated with organic fluids showed scar depths of only 0. 00006
to 0. 0004 inch. The particular NbSeZ-gold composites studied thus exhibited much
higher wear, higher friction, and poorer contact properties than did organic-fluid lu-
bricated contacts.

Techniques for preparing and applying NbSe2-gold mixtures to the surfaces of min-
iature slip rings have been attempted.(2 3 ) Composites have been prepared by pressure
bonding and by electrodepositing. The electrodeposited composites exhibit less wear in
service, which is probably a result of a higher gold hardnes's. (24) Friction coefficients
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from 0.3 to 0.4 have been measured for the electrodeposited composites, and electrical
noise increases with time of running. Although the electrical noise and wear of the
electrodeposited NbSe2 -gold composites are greater than that for fluid-lubricated elec-
troplated gold, the respondent suggested that composites permit better reliability in
design because their electrical performance tends to remain more constant and predict-
able than that for fluid-lubricated systems. Further optimization and testing of the com-
posites would be required to make the final judgment concerning their applicability to
production slip-ring assemblies.

Finally, Kamoshita, Hirano, and Hara present evidence that PbS incorporated in
palladium by powder metallurgy techniques exhibits interesting contact characteristics
when the composite is rubbed against pure palladium and gold-plated palladium. (25)
Pd-PbS composites were made containing from 0. 1 to 9.0 wt % PbS. The contact resis-
tance for Pd-l%PbS versus palladium was approximately the same for Pd-Pd contacts.
Higher percentages of PbS gave higher contact resistances. Electrical noise, levels were
reported highest for palladium rubbing against palladium, less for palladium rubbing
against Pd-9%PbS, and least for gold-plated palladium rubbing against Pd-9%PbS. Un-
fortunately from the standpoint of possible friction and noise considerations, the atmos-
phere for these measurements contained intentionally added benzene vapor. The addition
of PbS to palladium reduces the amount of polymeric contact debris over that formed
with Pd-Pd contacts, the object of the authors' experiments..

CONC LUSIONS

The practicability of a solid-film technique for lubricating sliding electrical con-
tacts for miniature slip-ring assemblies depends critically on the durability of the lubri-
cant film, that is, on the expected service life of the assembly. Such films have been
shown to be effective lubricants until the wear processes remove them from the surface.
A probable requirement, therefore, is a solid-lubricant film which is applied thin
enough to permit adequate electrical conductivity at low contact-energy-transfer levels,
and yet exhibits sufficient durability to remain effective for the required service life of
the device. The possibility of fulfilling these requirements with solid-film lubricants
has not been established for miniature slip-ring applications of interest to this program.

As the requirements for slip-ring life are increased, self-lubricating solids that
can withstand wear without large changes in electrical performance will be required for
electrical-contact members. Composites containing a metallic portion for electrical
conduction and a solid-lubricant portion to reduce friction and wear represent the types
of materials to which one must turn to fulfill the requirements. Only the NbSe2 -gold
composite system has been investigated for miniature slip-ring applications. Other
composite materials developed for brush-commutators and for bearing applications indi-
cate some promise, but have yet to be evaluated for slip-ring applications. 'The possible
utility of many of the solid lubricants having conductivities comparable with that of
NbSez is yet to be determined. Combinations of conductive solid lubricants with many
possible metal matrices to make composites are available for future evaluation as prac-
tical self-lubricating electrical-contact materials for miniature slip rings.
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APPENDIX A

SOME PROPERTIES OF HEAVY-METAL-DERIVATIVE
SOLID LUBRICANTS, FROM MAGIE (REFERENCE 1)
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APPENDIX B

SELECTED DATA FROM HOPKINS, ET AL. (REFERENCE 9)
CONCERNING CERTAIN SOLID LUBRICANT COMPACT COMPOSITIONS



B- 1 and B-2

TABLE B-i. SELECTED DATA FROM HOPKINS, ET AL. (REFERENCE 9) CONCERNING CERTAIN SOLID LUBRICANT COMPACT
COMPOSITIONS

Wear Rate,
Fabrication Ultimate Ultimate Electrical Inches/Hour,

Composition, percent Temperature, Flexural Compressive Resistance, at 3000 ft/min
MoS 2 NbSe2 B Ta Mo F Stress, psi Stress, psi ohms(a) and 100 Psi Load

80 - -- 20 -- -- 2600 8,900 26, 000 0.042 0. 060

-- 80 20 -- -- 2800 5, 920 (b) 0. 084 (b)

-- 80 -- 20 -- 2800 9, 510 33, 100 0. 061 0. 0190

80 -- 10 10 -- 2800 13, 200 16, 400 0. 057 (b)

90 5 5 -- 2800 6, 050 10, 600 0. 082 0. 0030

85 -- 5 5 5 2800 13, 900 16, 900 0. 095 0. 0044

91 -- 3 3 3 2800 13, 900 8,430 0.165 (c)

85 -- 5 3 7 2800 10, 600 8,970 0. 125 (c)

85 -- 7 3 5 2800 9, 500 9, 550 0. 080 (c)

85 -- 5 5 5 2700 7, 360 8,700 0.097 (c)

85 -- 5 3 7 2700 7, 160 7, 400 0. 100 (c)

91 -- 3 3 3 2700 6, 570 11,400 .0.180 (c)

85 -- 7 3 5 2700 7, 180 13,300 0. 105 (c)

85 -- 5 5 5 3000- 9, 930 (c) .0. 030 (c)

(a) Resistance values have meaning only relative to one another.
(b) Specimen damaged during machining.

(c) No test conducted.

: . .

: .:



APPENDIX C

SUMMARY OF DATA ON SLIDING
AND ROLLING CONTACTS IN VACUUM,

FROM PRZYBYSZEWSKI (REFERENCE C-l)
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SUMMARY OF MATERIALS EMPLOYED IN VARIOUS SLIDING ELECTRICAL CONTACT

EXPERIMENTS IN VACUUM, FROM PRZYBYSZEWSKI, (REFERENCE C-l)

Brush Material
Brush Material Lubricant Composition Ring Material Remarks Reference

Silver-MoS2 MoS 2 88% silver, Silver Acceptable for use in vacuum. C-2
12% MoS2 Rhodium plated Better performance in vac-

silver uum than in air.

Silver-copper-MoS2 MoS2 82. 5% silver, Electroplated Addition of copper hardens C-3
15%o MoS2 silver silver, resulting in less brush

2. %5o copper Electroplated wear. Gold rings caused
gold greater brush wear.

Silver-molybdenum-MoS2 MoS
2

-- -- Poor results, erratic perfor- C-3

e mance, excessive noise,
brush arcing.

Silver-NbSe2 NbSe2 85% silver, Coin silver Slightly greater wear than C-4
1o NbSe2 (90°lo silver, equivalent MoS2 compacts.

(not optimized) 10]o copper) Better noise performance
in vacuum.

Silver-graphite Graphite 80%o silver, Pure silver Extremely poor performance C-2, C-3,
20%o graphite Electroplated in vacuum. Slightly better C-5

silver than equivalent MoS2 com-
pacts for atmospheric use.

Precious metal Synthetic Proprietary V-grooves of Lubrication in vacuum sup- C-2

alloy wire ester hard gold plate plied by evaporation of
Chlorinated on silver fluid in semisealed con-

silicone tainer. Synthetic ester
Hydrocarbon gave best performance.

diffusion Hydrocarbon oil gave poorest
pump oil performance. Slip rings ran

with low noise for 79 days.

TABLE C--1.



C-2

TABLE C-2. SUMMARY OF MATERIALS EMPLOYED IN VARIOUS ROLLING ELEMENT ELECTRICAL
CONTACTS IN VACUUM, FROM PRZYBSZEWSKI (REFERENCE C-1)

Retainer
Ball Material Race Material Composition Lubricant Remarks Reference

440-C stainless steel: Both races 85%00 gold, MoS 2 Bearing given light, initial appli: C-6
gold plated 440-C stainless 15%o MoS2 cation of MoS2 before running.

steel: gold Best running of several combi-
plated nations of materials used.

440-C stainless steel: Both races Teflon, Teflon, Operated.well mechanically, but C-6
gold plated 440-C stainless glass fiber, MoS2 electrically noisy in both air

steel: gold MoS2 composition and vacuum.
plated

Tungsten-cobalt- Tungsten-cobalt- No retainer Silver film Good operation in vacuum (10-8 C-7, C-8
chromium tool steel chromium tool Full complement applied to torr or 1.33 x 10-6 N/m2 ) tem-

steel of balls balls only peratures to 600 ° C and speeds
to 10, 000 rpm. Used for ro-
tating anode X-ray tube bearings.

Tungsten-cobalt- Tungsten-cobalt- Not known Evaporated Good lubrication and wear if co- C-9
chromium tool steel chromium tool barium balt, chromium, or aluminum

steel film are deposited as an intermediate
layer. Early work on rotating
anode X-ray tube bearings.

52100 Steel 52100 Steel Laminated Chlorinated Microscopic pitting damage ob- C-10
phenolic methyl- served at currents as low as

phenyl 0. 167 ampere.
silicone Voltage drop across bearing
(vacuum gradually decreased during test.
impreg-
nated)

.~~~~ .

-g



C-3 and C-4
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